Abstract: Polarization-dependent diffraction based on Pancharatnam-Berry phase optical elements (PBOEs) offers considerable benefits compared to conventional metasurfaces, such as negligible absorption, nearly 100% diffraction efficiency and an inexpensive fabrication process. Polarization holography is a simple way to fabricate PBOEs, which entails the interference of beams with different polarizations to generate a spatial-varying polarization field. Thus, the quality of recorded PBOEs manifests high sensitivity to the length change and phase shift between polarized beams, usually caused by environmental vibration and air flow. Here, new polarization holography based on modified Sagnac interferometry is developed for fabricating liquid crystal-based PB gratings and lenses, where the pitch of grating and optical power of lens could be easily tuned. This approach offers high tolerance to environmental disturbance during the exposure process. Detailed design parameters are analyzed, and the fabricated PBOEs with high optical quality are also demonstrated.
Introduction
Conventionally, the phase change of an electromagnetic wave is generated via wave propagation through spatial-varying optical path lengths, which is also known as the the dynamic phase. Since the phase change is gradually accumulated along the optical path, the dimension of these optical elements is usually much larger compared to the wavelength of light. Recently, various kinds of flat, ultra-thin optical elements have been developed based on Pancharatnam-Berry (PB) phase, which can provide abrupt phase change over the scale of free space wavelength [1] . These planar 'metasurfaces' could be generated by plasmatic metamaterials [2] [3] [4] , sub-wavelength isotropic gratings [5] [6] [7] , propagation from reflections [8] and optical anisotropy [9] [10] [11] . Among all the methods mentioned above, PB optical elements (PBOEs) fabricated by photo-alignment of liquid crystals and photo-polymerization method [12] [13] [14] manifests a nearly 100% diffraction efficiency and excellent optical quality. As a result, PBOEs have found widespread applications, such as beam steering [15] [16] [17] [18] [19] , polarimetry [20, 21] , projection [22] , zoom lens [23] [24] [25] [26] and even near-eye displays [27] [28] [29] [30] [31] [32] [33] .
There are mainly four steps in the established fabrication methods of liquid-crystal-based PBOEs. Firstly, a thin film of photo-alignment material is spin-coated on a glass substrate. Next, the coated substrate is exposed to the pre-designed polarization light field with sufficient exposure dosage. After that, a thin layer of diluted liquid crystal reactive mesogen is coated onto the surface alignment layer. Finally, the substrate is dried and exposed with UV to form a cross-linked liquid crystal polymer film. Phase profiles of the desired PBOE are entirely determined by the polarized light field generated through interference. Thus, the quality of fabricated PBOE is highly dependent on that of polarization hologram.
A common way to fabricate PBOEs is to generate polarization holography by the interference from a double-path interferometer of two circularly polarized beams with opposite handedness. Thus, a laser with single-longitudinal mode and ultra-short linewidth is necessary to obtain adequate coherence length because the optical path difference between the two arms cannot be guaranteed to be zero. Also, double-path interferometers are highly sensitive to phase shifts or length changes between the two arms, rendering environmental vibration which is one of the leading causes of fabrication failures. So, an enclosed vibrationisolated optical table is usually needed to prevent the vibration and perturbations from air currents, which makes the setups more complicated and expensive.
In this paper, we demonstrate a versatile polarization holography setup based on Sagnac interferometry for the fabrication of PBOEs. Thanks to its extraordinary stability, the Sagnac interferometer has been exploited for numerous applications, including but not limited to conventional holography [34, 35] , holographic microscopy [36, 37] and even gravitational wave detection [38] . Here, we modify it as a common-path exposure setup for PBOEs with much higher tolerance to environmental perturbations, while requiring fewer optics and a shorter coherence length of the laser source. Firstly, the detailed designs of the proposed holography setups based on common-path interferometers are illustrated, and then the relationship between the setup parameters and sample properties are analyzed. After that the fabricated PB gratings and lenses are characterized, which exhibits nearly 100% diffraction efficiency and high optical quality with negligible haze, verifying the feasibility and advantages of the proposed polarization holography setups.
Polarization holography designs
The conventional polarization holography setup for a PB grating is illustrated in Fig. 1(a) . A collimated linearly polarized laser beam is split into two arms by a non-polarizing beam splitter (NPBS). One arm is converted to left-handed circularly polarized light (LCP) by a quarter-wave plate (QWP), while the other is converted to right-handed circularly polarized (RCP) light. These two laser beams are supposed to manifest the same intensity on the prepared substrate to achieve high fringe quality. In this configuration, the grating period is controlled by the orientation angles of mirrors, which is troublesome for gratings with large periods because the two arms need to be very long for a small crossing angle. Also, to maintain the symmetry of the polarization field on the substrate, the rotation angle of two sets of mirrors and QWPs in two arms need to be the same but in opposite directions. It requires a delicate tuning of optics to change the pitch in this setup, which is far from handy for a precisely symmetric setup. Similarly, the incident collimated linearly polarized laser beam is split into two arms after passing through the first NPBS. One arm is converted to LCP by a quarter-wave plate and then expanded as the reference beam, while the other is converted to RCP before entering the template lens (TL), functioning as the sample beam. For the quality of fringes and desired aperture, these two laser beams are tuned by the beam expanders (BEs) to have the same desired size on the prepared substrate, which is coated with a thin photo-alignment film, after being combined by the second NPBS. In this setup, the optical power of the PB lens is determined by that of the template lens and the distance between the substrate to be exposed and the back focal point of template lens. Half of the laser energy is not utilized after passing through the second NPBS, so the exposure time needs to be doubled.
Both setups mentioned above are modified from double-path interferometers, which are extremely sensitive to phase and length changes in the two arms. Thus, a small vibration of optical table and air flow may disturb the fabrication process. To overcome the above limitations, here we propose a common-path interferometer configuration as the polarization holography setup for PB gratings and lenses. Thanks to the ultra-high stability of the common-path nature, the proposed setups manifest high tolerance of environmental perturbations that are almost unbearable in the double-path interferometer. The new holography setup modified from 3-mirror Signac interferometer is proposed for the fabrication of PB gratings, as schematically illustrated in Figs. 2(a) and 2(c), respectively. In both cases, fewer optics are needed, and the two arms share almost the same optical path. Thus more energy from the laser source are well utilized. In most cases, PBS cannot separate the s and p waves with perfectly equal intensity, so a half-wave plate (HWP) is used as a polarization rotator for the incoming linearly polarized laser beam. Moreover, considering the small path difference between two arms, an inexpensive laser with limited coherence length can also be applied for the fabrication.
PB grating
It is convenient to utilize the second mirror in the light path to control the angle between the two recording beams on the sample. As Fig. 2(b) illustrates, the rotation of the second mirror by an angle ϕ causes the incident angles of both recording beams to change by ϕ and ϕ − symmetrically, so the recording angle between two beams is 2 θ ϕ = . And the grating period can be derived as:
where λ is the laser wavelength, ϕ is the rotation angle of the second mirror and θ is the recording angle between two beams on the substrate. Thus, the grating period can be expressed as:
where λ is the laser wavelength, ' ϕ is the rotation angle of the PBS and ' θ is the recording angle between two beams on the substrate. It is worthwhile to mention that after rotating PBS, the substrate may also be rotated by 2 '
ϕ for the symmetry of polarization field. Table 1 shows some examples of the grating periods that could be obtained by the new polarization holography setup with a 488nm laser source. Although a shorter period is achievable with smaller exposure wavelength, the grating period is still limited by the practical maximum recording angle originated from the dimensions of available optics and desired PB gratings. For example, when using a 2" cubic PBS to fabricate a 1" PB grating, the recoding angle cannot go beyond 28° in Fig. 2 (b) according to the geometric limitation. 
PB lens
The fabrication of PB lens is usually more complicated than that of PB grating. However, based on the proposed design, the polarization holography setup for a PB lens could be easily adapted from that of PB grating, as depicted in Fig. 3(a) . Only a refractive lens system (LS) is added into the setup for PB gratings in Fig. 2(c) , which could be a single lens, or a lens set. If the LS's principal planes are symmetrically placed in the symmetric 2-mirror setup, then the output beams with opposite handedness would have zero phase difference. A parabolic phase profile could be generated if the LS deviates from the symmetric location. There are two regions where the substrate coated with photo-alignment material could be placed. One is the at the middle of two focal points, where the beams of opposite handedness manifest the same size, utilizing most of the power from the laser source, as shown in Fig. 3(b) . Apparently, the deviation of the LS from middle point determines the focal length of the fabricated PB lens. The other region that could also be applicable for exposure locates after the second focal point, where the sizes of the two beams are also tuned to be the same by placing a set of lenses in the light path, as depicted in Fig. 3(c) . The distance between the second focal point and the substrate determines the optical power of the fabricated PB lens. Similar to the setup for gratings, an HWP is implemented to adjust the relative intensity of two beams on the substrate if the PBS separation ratio is not perfectly 1:1 for the s and p waves. The polarization angle of the incident linearly polarized laser light could be rotated by the rotation of HWP, and thus the ratio of s and p waves with respect to PBS can be tuned freely, which means the intensity of two beams on the substrate can be fine-tuned to be the same. This configuration enables the fabrication of large-area PB lenses with a very compact setup size and extraordinary flexibility and stability. 
Results and discussion

Stability test
Before fabricating the PBOEs, we tested the stability of the proposed setup and compared to that of double-path interferometers. A modified three-mirror Sagnac setup in Fig. 2 (a) and a Michelson interferometer with similar dimension (~40cm arm lengths) were assembled next to each other on the same optical table. Both were adjusted to show symmetric fringes after a linear polarizer placed at the substrate location, whose intensity variations were detected by two photodiodes (New Focus TM Large-Area Visible Photoreceiver, Model 2031) connected to the same oscilloscope for the observation of the phase or polarization change between their two arms. Apparently, the proposed polarization holography setup manifests much higher tolerance to environmental vibrations, as shown in Fig. 4 . The high-frequency small signal variation of the Sagnac setup in Fig. 4 is caused by the noise of the fast response photodiodes used for intensity measurement. The laser source employed for the Michelson setup is an OBIS 488nm LS 60mW laser from Coherent TM with linear polarization, whose coherent length is around 3 meters. But the one used in the Sagnac setup is a Sapphire 488nm LP laser from Coherent TM with a 75mW linearly polarized output, which is not designed for interferometry usage due to its highly limited coherent length (< 1mm). The optical table (Newport TM Research Series Plus High Performance Sealed Hole Table Top) is supported by air-pumped active self-leveling table legs (Newport TM NRC XL-B Pneumatic Isolation Mount) to reduce external vibration for a fair comparison. The environmental perturbation was generated by a Bluetooth speaker (OontZ Angle 3 Ultra, 14 Watts) placed at the middle of the two setups, which was programmed to create 100Hz mechanical waves. Actually, the zero-order fringe of Michelson interferometer was not very stable even without any intentional perturbation. The air index change caused by the sound wave of human voice could also lead to considerable intensity vibration in the zero-order fringes of Michelson interferometer. Also, in both polarization holography setups, all the optical elements and substrate must be securely mounted. Any loosen part in the setups would easily make the whole fabrication process a failure, no matter what type of setups being used. 
PBOE fabrication
In order to verify the functionality of the proposed holography setups for the fabrication of PBOEs, both PB gratings and lenses were fabricated and tested. The photo-alignment method was applied to provide high-definition local alignment for the fabrication of high-quality PBOEs. Detailed fabrication procedures are illustrated in Fig. 5 . The glass substrates were preliminarily cleaned by acetone, isopropanol alcohol, deionized water, and then treated by UV-Ozone for 30min. A thin film of photo-alignment material, Brilliant Yellow (from Tokyo Chemical Industry), was prepared on each glass substrate by spin-coating at 500rpm for 5s and then 3000rpm for 30s. After being coated, the wet Brilliant Yellow (BY) film was dried on a hotplate at 80° for 5min. Then, the substrate was directly exposed using the proposed Sagnac polarization holography setup discussed above. The 75mW Sapphire 488nm LP laser from Coherent TM was employed and provided an exposure dosage of ~1J/cm 2 (5min with ~3.4mW/cm 2 power density) on the prepared BY film. After exposure, the samples were spincoated with a diluted liquid crystal reactive mesogen mixture (RMM) solution in a nitrogenrich environment at 500rpm for 5s and then 3000rpm for 30s. In our experiments, the reactive mesogen RM257 (from LC Matter), photoinitiator Irgacure 651 (from BASF) and surfactant Zonyl 8857A (from DuPont) were mixed as the RMM solute. The detailed mass fractions of each solute material and their corresponding solvent in both BY and RMM solutions are listed in Table 2 . Finally, the RMM-coated substrates were immediately cured on an 80°C hotplate by 365nm UV light with a dosage of ~3J/cm 2 (5min with ~10mW/cm 2 power density) in a nitrogen-rich environment, forming thin cross-linked liquid crystal polymer PBOEs on the substrate. It should be mentioned that there are other photo-alignment and liquid crystal materials reported for PBOE fabrications [14, 16, 17] . In our experiments, the materials used were chosen because they are all immediately available from mass production and able to provide decent optical quality. 
Sample evaluation
The fabricated PB gratings and lenses are observed under a microscope with crossed polarizers, as shown in Fig. 6 . The intensity distribution of the PB gratings and lens varies as a sinusoidal waveplate and a concentric zone plate, indicating the desired polarized orientation in the polarization holography setup design. There is no denying that there are some defects caused by the dirt during spin-coating and UV exposure, but no significant misalignment is observed. The ideal intensity distributions of PBOEs under crossed polarizers can easily be derived using Jones calculus. The Jones vector of output electric field is described by cascading the Jones matrix of the polarizer, PBOE (i.e., a half-wave plate with spatial varying fast axis) and analyzer, as shown in Eq. (3) 
where ( ) 
It should be emphasized that the distance between two adjacent dark fringes in Fig. 6(a) is not the PB grating period but the half of it, according to Eq. (5). For PB gratings, the period should be counted as liquid crystal optical axis rotates 180° but not 360°. And for PB lenses, due to its parabolic phase pattern, the liquid crystal axis is nearly homogeneously aligned at the very center, as shown in Fig. 6(b) . The liquid crystal alignment quality is also checked with a fabricated PB lens by rotating the top analyzer in the polarized optical microscope, as shown in Fig. 7 . The microscope images depict the continuous change of the intensity profile, which is the direct indication of the liquid crystal orientation profile. Also, the liquid crystal molecules at the very center of PB lens may function like a homogeneously half-wave plate, which is also verified from the reversed intensity profile when the analyzer rotates 90° (from 0° to 90° and 45° to 135°) with a fixed polarizer. Moreover, the diffraction efficiency is also characterized using Ocean Optics spectrometer model HR4000CG-UV-NIR, with the fabricated PBL placed between two broadband circular polarizers [14] . The first order diffraction efficiency is approximately defined as one minus zero-order leakage, since the intensity of higher diffraction orders are negligible. With abovementioned spin-coating recipe and RM257 concentration, the optimized operating wavelength is around 546nm, as shown in Fig. 8 . 
Discussion
The proposed setup for PB gratings could also employ only two mirrors like that for PB lens. However, it is not convenient to tune the grating pitch in the two-mirror setup, which is the reason why another mirror is added to the setup. From a simple geometry analysis, rotating of mirrors and beam splitter only changes the spatial distance but not the separation angle between the out-going beams in the two-mirror setup. Moreover, a flat-top beam shaper could be employed to convert the collimated Gaussian beams into flat-top beam before entering the PBS, rendering a more uniform intensity distribution on the substrate so that the exposure time can be reduced, especially for fabricating a large-size PB lens. Although the proposed setups exhibit remarkable stability and other merits as mentioned above, they still have some limitations compared to other approaches. It is more convenient to use the direct-writing [13] method to fabricate more complex PBOEs such as PB micro-lens arrays. Also, regarding PB gratings, the double-path setups shown in Fig. 1(a) could better handle gratings with small periods [28] . In general, the proposed Sagnac approach is more suitable for polarization exposure in the paraxial domain, i.e., PBOEs with relatively low spatial frequency.
Conclusion
A novel polarization holography setup based on modified Sagnac interferometer was designed and verified for the fabrication of Pancharatnam-Berry phase optical elements. While using fewer optics, the proposed setup has reduced sensitivity to vibration and allows using a laser source with short coherence length, compared to conventional setup based on the double-path interferometers. Considering its relatively low cost but high stability and flexibility, the proposed polarization holography apparatus has great potential to facilitate the development and application of this novel type of functional planar optical elements in the future.
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